Abstract. The purpose of the present study was to evaluate the effects of uric acid in promoting tubular cell apoptosis and verify the role of nicotinamide adenine dinucleotide phosphate oxidase 4 (Nox4)-induced oxidative stress in this process. HK-2 cells were used as a human proximal tubular cell model and co-cultured with various concentrations of uric acid with or without pre-treatment with the Nox4 inhibitor diphenylene iodonium (DPI). The apoptotic rate and the amount of reactive oxygen species (ROS) were examined by flow cytometry. Furthermore, levels of Nox4, phosphorylated (p)-P38, p-extracellular signal-regulated kinase (ERK), B-cell lymphoma 2 (Bcl-2) and Bcl-2-extra large (Bax) were detected by western blot analysis. The results showed that treatment with uric acid decreased HK-2 cell viability and promoted apoptosis in a dose-dependent manner. This was paralleled with an upregulation of Nox4 as well as ROS overproduction, which activated the phosphorylation of P38/ERK and caused an imbalance of Bax/Bcl-2 in HK-2 cells. Of note, inhibition of Nox4 with DPI prevented uric acid-induced cell injury by suppressing ROS generation and P38/ERK activation. In conclusion, it was demonstrated that elevated uric acid promoted ROS-induced tubular cell apoptosis by upregulating Nox4 expression. The present study therefore provided possible mechanisms and a potential therapeutic target of uric acid-induced chronic kidney disease.
Introduction
Hyperuricemia is a common metabolic disorder. Recent studies showed that it is also an independent risk factor for chronic kidney disease (1, 2) . Elevated serum uric acid (UA) levels not only decrease the glomerular filtration rate, but also induce tubulointerstitial injury. However, the underlying mechanisms have remained to be fully elucidated (2, 3) . Previous studies indicated that high levels of UA promoted reactive oxygen species (ROS) generation to increase oxidative stress in several cell types, including mesangial cells, adipocytes and vascular smooth muscle cells (4) (5) (6) . ROS are considered to be crucial mediators of cell apoptosis (7) (8) (9) . In kidney disease, apoptosis is one of the main causes of tubular cell loss (10) . Therefore, the present study hypothesized that high levels of UA induce oxidative stress within renal tubular cells and lead to apoptosis, which eventually causes renal dysfunction.
Nicotinamide adenine dinucleotide phosphate oxidase 4 (Nox4) is the predominant Nox in the kidney (8, 11) . It generates ROS by transferring an electron to molecular oxygen. Nox4-derived ROS have an important role in cell signaling as secondary messengers, mediating numerous biological processes, including cell apoptosis (7, 8) . However, it has remained elusive whether UA-mediated Nox4 expression represents an endogenous source of ROS in tubular cells.
The present study confirmed that elevated UA promotes apoptosis by upregulating the expression of Nox4 in renal tubular cells. In addition, the underlying mechanisms were examined, including ROS generation and the activation of extracellular signal-regulated kinase (ERK)1/2 as well as P38. Cell viability assay. The cell viability/cytotoxicity was determined using a 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2Htetrazolium bromide (MTT) assay). HK-2 cells were seeded into 96-well culture plates at the density of 2,000 cells per well and then treated with various concentrations of UA. After 24, 48 or 72 h of incubation, the assay was performed by adding 20 µl of MTT solution [5 mg/ml in phosphate-buffered saline (PBS); Sigma-Aldrich] to each well, followed by incubation for 4 h. Subsequently, 100 µl dimethyl sulfoxide (DMSO; Sigma-Aldrich) was added to the culture medium in each well to dissolve the formazan crystals and the absorbance of each well was measured at 492 nm using a SpectraMax M5 plate reader (Molecular Devices, LLC, Sunnyvale, CA, USA)
Materials and methods

Reagen
Measurement of ROS generation. ROS generation was detected using the DCFH-DA assay. Suspended HK-2 cells (1x10 6 cells/well) were added to 6-well plates, then treated with 10 µmol/l DCFH-DA in serum-free DMEM/F-12 for 20 min at 37˚C. After two washes with PBS, cells were collected and resuspended at 1x10 6 cells/ml. DCF fluorescence was detected using a FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) at an excitation wavelength of 488 nm and an emission wavelength of 535 nm.
Annexin V apoptosis assay. The number of apoptotic cells was evaluated by flow cytometry using an FITC Annexin V Apoptosis Detection kit (BD Biosciences) according to the manufacturer's instructions. In brief, HK-2 cells were seeded in six-well plates at 2x10 5 cells per well and treated as described above. Cells were washed twice with PBS and re-suspended in 200 µl binding buffer. After addition of 5 µl Annexin V conjugate and incubation for 10 min, the samples were resuspended in 200 µl binding buffer and 5 µl propidium iodide (PI). The cells were examined using the FACSCalibur flow cytometer with ten thousand events collected for each sample.
Western blot analysis. HK-2 cells were added to 6-well plates at a density of 1x10 6 cells/well. Following serum starvation overnight, cells were co-cultured with UA (4, 8 or 16 mg/dl) for 48 h. In the UA + DPI group, 10 µM DPI was applied for 30 min prior to incubation with 16 mg/dl UA. Following two washes with PBS, cells were collected and centrifuged at 14,860 x g for 5 minutes. With the supernatant removed, the cells were mixed with 80 µl lysis buffer (Beyotime Institute of Biotechnology, Haimen, China). The lysate was incubated at 4˚C for 15 min then centrifuged for 20 min at 20,800 x g. The supernatant was collected and quantified for protein content using the BCA method. Equal amounts of total protein (50 µg) were loaded and separated using 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis then electrophoretically transferred onto a PVDF membrane. The membrane was incubated with primary antibodies (dilution, 1:1,000) at 4˚C overnight followed by incubation with secondary antibody (dilution, 1:5,000) at room temperature for 1 h. Proteins were visualized by chemiluminescence using SuperECL Plus hypersensitivity luminous fluid. The bands were observed with a G:Box gel-imaging system (Syngene, Frederick, MD ,USA) β-actin was used as the internal control. The intensity of protein bands was quantified using Quantity One software (version 4.62; Bio-Rad Laboratories, Inc., Hercules, CA, USA). 
Results
UA reduces kidney cell viability via Nox.
To evaluate the effects of UA on cell viability, HK-2 cells were treated with 0, 4, 8 or 16 mg/dl UA for 24-72 h and subjected to an MTT assay. As shown in Fig. 1A , UA decreased HK-2 cell viability in a timeand dose-dependent manner. Treatment with 16 mg/dl UA for 48 and 72 h significantly reduced the number of viable cells to 63±6% and 40±5%, respectively, of that of the control (P<0.01). Therefore, 16 mg/dl UA for 48 h were determined as the ideal conditions for further assessing the involvement of Nox. As shown in Fig. 1B , Nox inhibition by pre-treatment with DPI (10 µM for 30 min) significantly attenuated the cytotoxic effects of UA (79±5.7% vs. 59±9.2%, P<0.05).
UA promotes kidney cell apoptosis via Nox. To examine whether UA promotes apoptosis, HK-2 cells were incubated with various doses of UA for 48 h and subjected to flow cytometric analysis following Annexin V/PI double staining (Fig. 2) . UA was found to concentration-dependently induce apoptosis in HK-2 cells, with 16 mg/dl UA producing an apoptotic rate of 36.8±4.4% compared with 2.2±0.8% in the NC group (P<0.01). In order to evaluate the involvement of Nox, HK-2 cells were incubated with DPI (10 µM for 30 min) prior to treatment with 16 mg/dl UA for 48 h. This Nox inhibition significantly inhibited the apoptotic effects of UA, as indicated by a reduction of the apoptotic rate to 17.9±3% (P<0.01 vs. UA at 16 mg/dl).
UA upregulates the expression of Nox4 in HK-2 cells.
Since the cytotoxic effects of UA on renal tubular cells were observed to be inhibited by DPI, it was indicated that UA exerts its effects via Nox. To examine the effects of UA on Nox, western blot analysis of Nox4, the predominant Nox in renal tubular cells, was performed. The results revealed that the protein levels of 
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Nox4 were upregulated by UA in a dose-dependent manner after incubation for 48 h (Fig. 3) .
UA induces oxidative stress in HK-2 cells via Nox.
As Nox4 is known to regulate ROS production (7, 8) , the effects of UA on the levels of ROS in HK-2 cells were then assessed. Following treatment of cells with various concentrations of UA for 48 h, ROS were detected by DCFH-DA staining and flow cytometric analysis. As demonstrated in Fig. 4A , the blue populations indicate the unstained cells (baseline control) and the red Figure 5 . Western blot analysis of HK-2 cells revealed that UA (16 mg/dl for 48 h) (A) significantly activated the phosphorylation of P38 and ERK1/2, which was inhibited by nicotinamide adenine dinucleotide phosphate oxidase inhibitor DPI and (B) induced apoptosis signaling by increasing Bax and decreasing Bcl-2, and that the balance of these apoptotic proteins was restored by DPI. GAPDH and β-actin were used as internal reference. Values are expressed as the mean ± standard deviation from at least three independent experiments. n=3, ** P<0.01 vs. NC; # P<0.05, ## P<0.01 vs. UA. UA, uric acid; NC, negative control; p-ERK, phosphorylated extracellular signal-regulated kinase; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. 
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populations were cells stained by DCFH-DA. The horizontal axis presents the mean fluorescence intensity of the cells, which indicates the quantity of ROS generation, and the vertical axis presents the number of fluorescent cells, which was almost equal in each group. As demonstrated by the rightward-shift of the red peak, the generation of ROS was significantly enhanced by UA compared with control, reaching 145.7±4.3% at 16 mg/dl UA (P<0.01). Additionally, pretreatment with DPI significantly reduced the UA-induced elevation of ROS production (110.9±5%) compared with 16 mg/dl UA treatment (145.7±4.3%; P<0.01; Fig. 4B ).
P38 and ERK1/2 signaling are involved in UA-induced apoptosis.
It has been demonstrated that mitogen-activated protein kinase (MAPK) pathways are activated by upregulation of intracellular ROS (12) (13) (14) . P38 and ERK1/2 are important members of the MAPK family, which regulates cell growth and apoptosis (15) (16) (17) . The present study examined the effects of UA on the activation of P38 and ERK1/2 to investigate the possible mechanism of UA-induced apoptosis. As shown in Fig. 5A , the phosphorylation of P38 and ERK1/2 significantly increased following treatment of HK-2 cells with 16 mg/dl UA for 48 h. Furthermore, inhibition of Nox with DPI attenuated the UA-induced phosphorylation of P38 and ERK1/2. These findings indicated UA treatment leads to the activation of P38/ERK signaling in kidney cells, possibly by upregulation of Nox4 expression and subsequent induction of ROS.
To investigate the underlying mechanisms of cell apoptosis, the effects of UA on the expression of Bcl-2 and Bax were assessed by western blot analysis. While UA treatment caused a significant increase in the protein levels of Bax and a decrease in Bcl-2 in HK-2 cells, the Bcl-2/Bax balance was neutralized by pre-treatment with DPI (Fig. 5B) .
Discussion
The present study revealed that UA treatment led to the upregulation of Nox4 expression in HK-2 cells in a dose-dependent manner. Nox4 then promoted the generation of ROS, leading to the induction of apoptosis. The phosphorylation of P38 and ERK1/2 and the imbalance of Bax/Bcl-2 were also demonstrated to be involved in this process. These results suggested that elevated UA promotes mitochondrial apoptosis through the P38/ERK pathway in renal tubular cells, which is induced by upregulation of Nox4 and production of ROS.
Uric acid is closely linked with chronic kidney disease (CKD) (18) . In the pathophysiology of CKD, a decrease of the glomerular filtration rate increases the serum levels of UA, which in turn promote CKD progression (2); however, the underlying mechanisms have remained to be fully elucidated. UA has been demonstrated to trigger the upregulation of ROS in several cell types. ROS are able to regulate or induce multiple cellular processes, including epithelial-mesenchymal transition (19) , growth (20) , cell differentiation (21) and apoptosis (7) (8) (9) 13 ). The present study indicated that UA induced apoptosis in renal tubular cells by inducing ROS, which may cause cell loss and tubular dysfunction during the progression of CKD.
Of note, the present study demonstrated that the effects of UA were inhibited by DPI, which is indicative of the involvement of Nox. Nox has seven isoforms: Nox1, Nox2 (gp91phox), Nox3, Nox4, Nox5, Duox1 and Duox2 (22) . In the kidney, Nox4 represents the predominant form and is abundantly expressed as a source of ROS (8, 11, 23) . In tubular cells, Nox4 was shown to be upregulated by a variety of metabolic factors, including high glucose, angiotensin II and bilirubin (19, 24, 25) . The present study also confirmed that UA was able to promote the expression of Nox4 in a dose-dependent manner. This may be the primary origin of intracellular ROS.
Furthermore, the present study assessed the potential mechanisms of ROS-induced apoptosis. As is known, the MAPK family are key factors in numerous cellular processes. The main MAPKs are P38, ERK1/2 and c-Jun N-terminal kinase 1/2, whose activity is stimulated by phosphorylation. The ROS-induced activation of MAPKs has been reported in several kidney diseases (26) (27) (28) , while the association between UA and MAPKs has largely remained elusive; however, previous studies have indicated the participation of MAPKs in UA-induced tubular cell apoptosis (29, 30) . As the underlying mechanisms required further elucidation, the present study examined the phosphorylation of P38 and ERK1/2 and found them significantly activated following exposure to UA. Furthermore, the present study revealed that pre-treatment with DPI was able to suppress the above effect, indicating that Nox4-derived ROS may be involved in the mechanism of UA-induced renal cell injury. In addition, the expression of Bax and Bcl-2, which can be regulated by MAPKs, was detected, revealing that high levels of UA caused a Bax/Bcl-2 imbalance, suggesting that apoptosis was induced through the mitochondrial pathway. A study by Verzola et al (30) also observed that UA promotes apoptosis in renal tubular cells by activating Nox4. Compared with this report, the present study provided further evidence to support their findings. Taken together, the crucial role of Nox4-ROS-MAPK pathway was clearly demonstrated by the current and previous studies.
In conclusion, the present study demonstrated that elevated UA promoted ROS-induced mitochondrial apoptosis by upregulating Nox4 expression in HK-2 cells. The mechanism was shown to involve the activation of P38 and ERK1/2. These findings provided a possible mechanism by which UA promotes the progression of chronic kidney disease. Furthermore, inhibition of Nox4 was demonstrated to prevent tubular cells from apoptosis and may therefore represent a therapeutic strategy chronic kidney disease.
